Abstract. Waterborne polyurethane-acrylic hybrid nanoparticles for application as pressuresensitive adhesives (PSAs) were prepared by a one-step miniemulsion polymerization. The addition of polyurethane into a standard waterborne acrylic formulation results in a large increase of the cohesive strength and hence a much higher shear holding time (greater than seven weeks at room temperature), which is a highly desirable characteristic for PSAs. However, with the increase in cohesion, there is a decrease in the relative viscous component, and hence there is a decrease in the tack energy. The presence of a small concentration of methyl methacrylate (MMA) in the acrylic copolymer led to phase separation within the particles and created a hemispherical morphology. The tack energy was particularly low in the hybrid containing MMA because of the effects of lower energy dissipation and greater crosslinking. These results highlight the great sensitivity of the * Corresponding author. E-mail: j.keddie@surrey.ac.uk. Tel +44-1483-686803; Fax +44-1483-
Introduction
Waterborne polymer-polymer hybrid latexes have attracted a great deal of interest both in academia and in industry owing to the opportunity they bring to develop environmentally-friendly materials that combine the positive properties of both polymers in a synergistic way. Although most of the studies reported in the past have focused on coatings applications, [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] there have been recent reports of hybrid latex particles of acrylic and tackifier in adhesive applications 16 . Polyurethaneacrylic hybrid waterborne nanoparticles, which are the subject of the present work, have been used recently to produce pressure-sensitive adhesives (PSAs) 17 .
PSAs are a distinct type of adhesive that adhere instantly and firmly to a wide variety of surfaces under the application of only light pressure. This type of adhesive has been traditionally synthesized by solution polymerization, but growing environmental restrictions on volatile organic compound (VOC) emissions have forced the PSA industry to adopt the production of waterborne PSAs.
Unfortunately, waterborne PSAs often present inferior properties (e.g., water resistance 18 and tack/shear strength 19, 20 ) in comparison to solvent-based adhesives.
A high shear strength in uncrosslinked polymers is directly related to a high zero-shear-rate viscosity 21, 22 , while tackiness can be correlated with a high molecular weight between entanglements (M e ). Thus, in principle, a very high molecular weight polymer with a high M e would have a high shear resistance and be highly tacky. This is true to a point: commercial PSAs are invariably partially crosslinked and have no measurable zero-shear-rate viscosity. In this case, the optimization is less straightforward. Recent studies show that the introduction of a percolating crosslinked molecular structure in combination with a high proportion of acrylic pendant chains and a high sol fraction can potentially increase the cohesive strength of an adhesive while maintaining a reasonable tack value [23] [24] [25] . The goal of the present study was along these lines.
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The introduction of polyurethane (PU) into a standard waterborne acrylic latex is expected to increase the adhesive shear strength of the resulting film because the polar groups of the polyurethane may form hydrogen bonds with each other. Moreover, because the high flexibility of polyurethane molecular chains leads to a low entanglement molecular weight, a higher density of entanglements is expected.
The blending of colloidal polymer particles is a common approach to create waterborne nanocomposites. However, in most of the cases, incompatibility between the polymers causes their phase separation, hindering the desired synergy of properties in the final product. The creation of covalent bonds between both phases 13, 26, 27 can overcome the incompatibility between polyurethane and acrylic polymers. Even though seeded emulsion polymerization has been used to synthesize waterborne hybrid nanoparticles 26, 27 , miniemulsion polymerization seems to be the most promising technique for producing them 13 . Because of the predominance of droplet nucleation, miniemulsion polymerization allows the possibility of working with pre-formed hydrophobic polymers. Moreover, step-growth [28] [29] [30] and free-radical polymerizations can be carried out in a miniemulsion process.
In this work, waterborne polyurethane-acrylic hybrid particles, at 50 wt.% solids, for application as PSAs were prepared by a one-step miniemulsion polymerization. All the components of the formulation were mixed together, and both polyaddition and free radical polymerization occurred simultaneously in a semicontinuous process. Polyaddition between a reactive urethane prepolymer (PU) and a functionalized acrylic monomer (hydroxyethyl methacrylate, HEMA) allowed the compatibilization between both polymers. Our experiments investigated the effect of the addition of a small concentration of methyl methacrylate to the copolymer on the resulting particle morphology and properties. The nano-scale structure and mechanical properties, as well as the macro-scale adhesive performance, of the polyurethane/acrylic hybrid adhesives are compared with the equivalent acrylic formulations.
Materials and Methods

Materials
The urethane prepolymer (Incorez 701) was supplied by Incorez Ltd. (Preston, England). Incorez 701 is a 100% solids reactive urethane prepolymer based on an aliphatic isocyanate (IPDI) and a polyether, specially designed for adhesive applications. For simplicity, in the remainder of the paper, the urethane prepolymer will be called PU. According to the manufacturer, the equivalent weight of the prepolymer is 1050 g/equiv., and the NCO concentration is ca. 4.0 mole %. The prepolymer was used without any further purification, and it was directly dissolved in the organic phase.
The monomers, 2-ethylhexyl acrylate (2EHA, Quimidroga), methyl methacrylate (MMA, Quimidroga), methacrylic acid (MAA, Aldrich), hydroxyethyl methacrylate (HEMA, Aldrich) and stearyl acrylate (SA, Aldrich), were likewise used without further purification. Stearyl acrylate is a highly water insoluble monomer that can act as a co-stabilizer to minimize the Oswald ripening effect, thus making unnecessary the use of non-reactive costabilizers, such as hexadecane, that undesirably increase the VOC content of the final latex. Bisphenol A (BPA, Aldrich) was used as a chain extender agent for the urethane prepolymer, and dibutyltin dilaurate (DBTDL, Aldrich) was used as a catalyst for the polyaddition. Alkyl diphenyloxide disulfonate (Dowfax 2A1, Dow Chemical) was the main surfactant in the miniemulsion preparation, and sodium dodecyl sulfate (SDS, Aldrich) was post-added to the miniemulsion in order to improve its stability. Potassium persulfate (KPS, Fluka) was used as the initiator for radical polymerization. Sodium bicarbonate (NaHCO 3 , Fluka) was added to the formulation in order to decrease the viscosity of the miniemulsions. Doubly deionized water (DDI) was used throughout the work.
Miniemulsification
The organic phase was prepared by dissolving the urethane prepolymer, the chain extender After miniemulsification, 0.87 wt% (weight based on organic phase) of sodium dodecyl sulfate (as a 6.5 wt% solution of SDS in DDI water) was added to the dispersion in order to increase its colloidal stability.
Polymerization Process
Semicontinuous processes were carried out in a 750-ml glass, jacketed reactor equipped with a reflux condenser, sampling device, N 2 inlet, two feeding inlets and a stainless steel anchor type stirrer rotating at 250 rpm.
During the polymerization process, 20 wt.% of the miniemulsion (52 wt.% organic phase) was first placed into the reactor and allowed to polymerize over 1 hour by adding 0.5 wt.% (wbm) of initiator (KPS). The rest of the miniemulsion and the initiator solution were then fed for 3 hours.
After the end of the feeding period, the polymerization was allowed to occur in batch for 2 hours.
The reaction temperature was 80 °C. Samples were withdrawn at regular intervals, and the polymerization was short-stopped with hydroquinone, to enable analysis of the conversion over time.
The final solids content of the latexes was about 50 wt.%, and the final PU concentration in the hybrid was 9.65 wt.% with respect to the organic phase.
Particle and Polymer Characterization
Z-average diameters of the miniemulsion droplets and polymer particles were measured by dynamic light scattering (Zetasizer Nano Z, Malvern Instruments). Samples were prepared by diluting a fraction of the latex or miniemulsion with deionized water (saturated with monomer in the case of miniemulsion droplet measurements). The numbers of particles (N p ) and droplets (N d ) were calculated from the light scattering average diameters; as a consequence they contain some uncertainty. Conversion was determined gravimetrically, and it was calculated with respect to the monomer.
The amount of PU was not taken into account in the calculation. The overall conversion, X 0 , was defined as the weight ratio between the acrylic polymer and the total amount of acrylic monomer in the formulation.
The gel content was measured gravimetrically as follows. First, the latexes were coagulated at 60 ºC using a CaCl 2 aqueous solution (2 wt% CaCl 2 ) and the coagulum was dried in a ventilated oven at 60 ºC for two days. Then, a metallic grid was first weighed (W 1 ) and placed in a Soxhlet system in which THF was maintained under reflux for 1 hour. The humidified grid was then weighed (W 2 ) and dried in a ventilated oven at 60 ºC for 3 hours. About 0.5 g of coagulum was then placed in the metallic grid (W 3 ) and a continuous extraction with tetrahydrofuran (THF) under reflux in the Soxhlet for 24 hours was carried out. The extraction time was chosen to be long enough to ensure a constant measured value of the gel fraction. In other words, the sol fraction extracted in each experiment was the maximum that could be extracted under the conditions used. Thin films were used to minimize the risk of sol molecules being trapped in the gel network. The humidified grid and the swollen gel were then weighed (W 4 ), and dried in a ventilated oven at 60 ºC overnight. Finally, the dried metallic grid and the gel polymer were again weighed (W 5 ).
The gel content was defined as 
Atomic Force Microscopy
The nano-structural and nano-mechanical properties of the PSA films were determined by using an atomic force microscope (AFM) (NTEGRA NT-MDT, Moscow, Russia) in imaging and force mapping modes, respectively. Individual latex particles were imaged in the semi-contact mode.
Latexes were diluted 100 times in deionised water and then spin-coated at 4000 rpm onto 1 cm x 1 cm sheets of freshly-cleaved mica. Silicon cantilevers (ATEC-NC, Nanosensors, Switzerland) with a nominal spring constant of k = 45 N/m and a high resonance frequency (330 kHz) were used. All the AFM experiments were performed in air at room temperature, and the height and phase images (scan sizes ranging from 10µm x 10µm to 2µm x 2µm and 256 x 256 pixels) were acquired using a scan rate of 1.56 Hz.
The surfaces were scanned by an ultrasharp silicon tip with a radius of curvature < 10 nm microfabricated on the cantilever, and moved by a piezoelectric translator. The interaction force, F, between the tip and the sample was directly obtained from the cantilever deflection using Hooke's law (F = kz, where z is the cantilever deflection in the vertical direction). The set of z = f(x,y) provided the surface topography (i.e., height image). A phase image was generated simultaneously by mapping the relative phase angle between the driving oscillation amplitude and the cantilever deflection recorded by the photodiode. The phase image provides information on the energy dissipation between the tip and the surface 31 . When the AFM tip encounters a region with a greater viscous component of the viscoelasticity, more energy is dissipated 32 , and the region appears darker in the phase image. On the contrary, when the viscous component is lower, less energy is dissipated
and the region appears bright in the phase image 33 . The free amplitude, A 0 (i.e., amplitude of the oscillation of the cantilever in air) was used as input for a feedback circuitry that allowed the tip to be maintained at a constant z from the surface (constant amplitude imaging mode). The oscillation amplitude of the AFM cantilever was kept just below A 0 , which was typically 295 nm. The set-point amplitude, A sp (i.e., amplitude of the oscillation when the tip is in contact with the sample surface)
was kept just below A 0 , in order to image the PSA with "soft-tapping" conditions. These tapping conditions minimized the AFM tip indentation depth and thus reduced image artefacts 34 .
Macro-scale Experiments
Shear resistance was measured by performing the holding power shear test 35 . Films were cast using a 120 µm square applicator onto plasma-treated PP. Films were dried in an oven at 60 ºC for 20 minutes and then held for 20 minutes at 23 ºC and 55% humidity. The test consists of applying a standard weight (1 kg) in shear to a standard area of a tape (2.5 cm x 2.5 cm) attached to a substrate until failure. The time between the application of the load and the separation of the tape is a measurement of the shear strength. Kraft paper was used as testing substrate.
Adhesion measurements were performed using a custom-designed probe-tack set-up 36 . Latexes were cast on a microscope glass slide by using a square applicator and dried for 48 h at room temperature followed by 1 minute of drying at 110 °C. The final thickness (h) of the film was about of 30 µm s -1 ( Figure 1a) . A 1 MPa compressive pressure is applied for 1 second (Figure 1b ) and the probe is removed from the film at a controlled velocity, V deb , of 100 µm s -1 (Figure 1c ), which corresponds to an initial debonding rate (defined as V deb /h) of 1 s -1 . The debonding force and displacement were recorded and then converted to nominal stress σ and strain ε by normalizing the force by the initial contact area and the displacement by the initial thickness of the film, respectively.
The debonding mechanisms were observed with a video camera. The analysis of both the curves σ = f(ε) and the videos provides information to evaluate the adhesive properties of the sample. Three important parameters can be typically drawn from the tack curve 36-38 the maximum stress, corresponding to the onset of cavitation; the maximum deformation at failure, (ε max ), corresponding to the maximum elongation of the fibrils; and the stress value in the plateau region (σ p ), which is directly linked to the elasticity of the sample. In this study we are
mostly interested in comparing the extensibility of the fibrils (ε max ) and the tack adhesion energy (W adh ), which is proportional to the area under the stress-strain curve and hence is a function of ε max and σ p . Multiple measurements were performed for each material to ensure reproducibility, and representative stress-strain curves are presented.
The linear viscoelastic properties of the adhesive layers were carried out with a standard fixed displacement rheometer (RDAII from TA Instrument) in a parallel-plate geometry and a diameter of 8 mm. Thick films of 0.5mm were cast in silicone moulds and left to dry at room temperature for 1 week followed by 5 minutes drying at 110°C. Circular samples of 8 mm diameter were cut from the films. Experiments were performed at 30 °C and a deformation of 8% was imposed on the samples to remain in the linear strain regime.
AFM force spectroscopy
The nano-mechanical properties of PSA films were determined by AFM force spectroscopy (FS) experiments performed in contact mode at room temperature. Films were cast onto polypropylene sheets (30 cm x 20 cm in area) using a 10 µm hand-held spiral bar coater. The films were dried at 110 ºC for 3 min. under static air and analysed within 24 h. The thickness of the dried films is estimated to be 5 µm. Prior to AFM analysis, the film surfaces were rinsed with de-ionized water to remove the excess surfactant. To prepare the samples, 1 cm x 1 cm pieces were cut from the cast films and mounted on the AFM sample holder.
In the FS experiments, a grid of 20 × 20 points on a 2 µm × 2 µm area of the cast PSA was chosen to give a final map of 400 points. Si 3 N 4 cantilevers (CSG10, NT-MDT, Moscow, Russia) with a nominal spring constant of 0.1 N/m and a nominal resonant frequency of 20 kHz were used. The sharp Si 3 N 4 tip (radius of curvature < 10nm) micro-fabricated on the cantilever was brought into contact with the PSA surface. An average normal force of 5 nN was applied by the AFM cantilever onto the sample surface. The sample was then lowered away from the tip at a speed of 0.45 µm/sec, and a force spectroscopy (FS) curve was recorded (Figure 2a) . Before the tip comes into contact with the surface, F = 0. At a close distance of the tip from the surface, attractive forces act on the tip, and it "jumps" into contact. The force pulling down on the tip is recorded as negative. As the surface is raised upwards, the tip indents into the surface, and the force on the tip becomes positive.
The tip is pressed into the surface to a maximum indentation depth to finish the trace. In the retrace, the sample is lowered away from the tip, and a force (defined as negative) pulls down on the tip. The force pulling on the tip, which is related to the force required to strain and "draw" the material in contact with the tip, reaches a maximum. Then the tip detaches from the surface, and the force falls back to zero.
FS curves were recorded at each point of the grid for a total of 400 in each experiment to provide a data set with statistical significance. Force spectroscopy experiments on individual latex particles 39 and adhesive films 16, [40] [41] [42] [43] [44] [45] to determine their nanomechanical properties have already been reported elsewhere. between the surface and the AFM tip was calculated by subtracting the deflection of the cantilever, z, from the height values that corresponded to the measured piezoelectric displacement, z piezo :
Nanomechanical properties
In each F-d curve, the maximum adhesive force of the film surface to the tip (F max ), the maximum distance of deformation (d max ) measured from the initial surface position, and the adhesion energy for the hybrid formulations. The conversion reached values higher than 95% after the first hour of cooking. The lower instantaneous conversion of the hybrid formulations was attributed to the radical scavenger character of bisphenol A 53, 54 .
Results and Discussion
Latex Polymerization and Characteristics
The evolution of the gel content as a function of the acrylic overall conversion is presented in Figure 3 . Final values are presented in Table 2 . The polymerization of acrylic monomers (in the present case, 2-EHA) yields a gel due to the chain transfer to the polymer coupled by termination via combination 55 . The gel fraction in the PU-acrylic hybrid is even higher than in the standard acrylic.
Because it has been previously demonstrated that bisphenol A suffers chain transfer in the free radical polymerization of acrylic monomers 53, 54, 56 , it is expected that the gel formed in the presence of isocyanate-terminated PU is formed by relatively short acrylic chains linked by PU chains. The swelling capability is an indirect measurement of the crosslinking density; more densely crosslinked networks will swell to a lesser extent than a less dense network. The data in Table 2 indicate that the hybrid systems had a slightly more densely crosslinked network than the standard acrylic systems.
A representative drawing of these gel networks is presented in Figure 4 . Of course, the gel network coexists with the sol molecules within each miniemulsion particle, and the sol, in turn, is composed of both free and grafted acrylic and PU chains. The incorporation of the PU occurred from the beginning of the polymerization, as is shown by the high gel content observed even at low acrylic monomer conversion (< 0.3). The sol molecular weight distributions of the final latexes are presented in Figure 5 . No significant differences are observed between the four latexes. This observation is attributed to the similar gel fractions and to the fact that the final sol was determined by the fraction of polymer that was not incorporated within the gel fraction. In free radical polymerization, intermolecular chain transfer to a polymer is proportional to the chain length; hence, the longer chains are preferentially incorporated into the gel fraction of the polymer. The contribution of the PU to the increase in the gel content of the hybrids follows a similar trend, as the linking points are the HEMA molecules, which are expected to be randomly incorporated into the acrylic backbone. Therefore, the longer the chain, the higher that the number of crosslinking points per chain is, then the more likely it is that the chain becomes part of the gel. 
Particle Morphology
AFM images of individual particles of the hybrid latexes are presented in Figure 6 for the latex without any MMA (H-MMA0). Because they are soft (i.e. at temperatures well above their glass transition temperature), the particles spread on the mica substrate, as is indicated by their contact diameter being greater than the diameter in the dispersion (181 nm). The particles maintain their identity, and the extent of their spreading is limited by the presence of the gel network. A theoretical model in the literature has shown that even when it is favorable for a particle to fully wet a substrate according to the spreading coefficient, the contact angle is non-zero because of its elasticity 57 .
The phase images in Figure 6 show a relatively minor contrast within the H-MMA0 particles, which indicates that the viscoelastic properties are broadly uniform. The footprint of the particles, such as in Figure 6c , is not perfectly circular, however, perhaps because of heterogeneities in the particle surface energy. The phase contrast at the particle peripheries is attributed to greater AFM tip interaction with the mica substrates. Near the particle edges, the height image shows that the thickness is lower, so that the phase shift is likely to be caused by the substrate. This homogeneous particle structure can be contrasted to the heterogeneous structure found in the latex particles containing MMA (H-MMA1), which is presented in Figure 7 .
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component that is more dissipative of energy and hence appears darker. Some particles within the population, usually the smaller ones, are homogeneous and only present one component in the phase image. The image shows that the dissipative component tends to appear consistently on one side of the particles. This orientation remained in the images if the scan direction was changed, and the particular direction of orientation varied from one sample to another, thus ruling out scanning artifacts. We attribute this apparent particle orientation to one component adhering to the mica surface and then a tilt in the particle being introduced by the shear forces introduced during the spincasting process.
A higher resolution image (Figures 7c and 7d) shows a lobed particle in which the two components are clearly separated; that is, the particle presents phase separation. One of the components in the particle (appearing higher than the other component in Figure 7c ) encapsulates the other component within the lobed particle. The uncertain effect of the sample preparation and particle deposition by spin-casting on the observed morphology makes it difficult to draw conclusions about the relative hydrophilicity of the two phases. If the morphologies of the waterborne particles were preserved during the sample preparation, then the dark phase would correspond to the more hydrophilic phase, as it is at the particle surface. However, if the morphology is determined by the conditions under which the particles are observed (in the dry state), then the dark phase should be the phase presenting the lower surface energy. In general for polymers, a lower energy surface in air corresponds to more hydrophobic polymers 58 , although some hydrophobic polymers presenting a high surface energy are known (e.g. polystyrene).
In the corresponding phase image (Figure 7d ), the outer component is more dissipative of energy, making it appear darker than the component being encapsulated 16 . Combining information from the images, we conclude that a more viscous component (i.e. with a higher loss modulus 31, 32 ) is encapsulating a more elastic core component.
A possible explanation for the particle structure follows. Comparison between Figures 6 and 7 shows that the addition of a relatively small fraction of MMA to the formulation has a profound effect on particle morphology: It is possible that the main effect of MMA is to promote homogeneous nucleation. Table 3 shows the values of N p /N d for the four latexes. It can be seen that the number of particles is lower than the number of miniemulsion droplets for the standard acrylic latexes, but the number is higher for the hybrids. The cause of this difference was the lower stability of the standard acrylic miniemulsions as compared to the hybrid miniemulsions (due to the effect of PU in reducing the Ostwald ripening effect 59 ). indicating its greater stability. Marginally stable miniemulsions are prone to suffer droplet-droplet and droplet-particle coalescence leading to the number of particles being smaller than the number of the original miniemulsion droplets 60 .
In the case of the stable hybrid miniemulsions, the number of polymer particles was higher than that of the miniemulsion droplets, the effect being more noticeable in the presence of MMA. This The more extended homogeneous nucleation promoted by MMA in the hybrid latex will create particles formed only by (meth)acrylic monomers, which correspond to the small, rather uniform particles shown in Figure 7 . These particles should also contain HEMA, which can be easily transported to these particles through the aqueous phase, as it is rather water-soluble. However, the water-insoluble PU will remain in the droplets. Therefore, the miniemulsion droplets will contain a relatively low fraction of HEMA and a relatively high fraction of PU. In addition, bisphenol A and 2EHA, which have very low water-solubilities of 0.12 g/L [61] and 0.1 g/L [62] , respectively, as well as SA, which is almost completely water insoluble, will also remain in the miniemulsion droplets and particles.
The relatively high concentration of both PU and BPA and the relatively low concentration of HEMA will affect the type of gel formed. In comparison with the case in which the composition of the droplets is equal to that of the formulation, the acrylic chains are shorter (because the effect of BPA as a chain transfer agent) and contain a lower fraction of HEMA units. On the other hand, the PU chains are longer because of the chain extension with BPA. As a consequence, a loosely crosslinked network was formed, which allowed some degree of phase separation.
The polymer formed in the particles resulting from homogeneous nucleation was an acrylic copolymer in which the gel was formed by intermolecular chain transfer to polymer followed by a termination by combination 55 .
Macro-scale Adhesive and Mechanical Properties
The adhesive properties of the standard compositions and the hybrids are considered next. Table 4 shows the values for the holding power shear test at three different temperatures. The shear resistance increased remarkably when PU was added to the formulations. In fact, the hybrid PSAs did not fail at a temperature of 30 °C over a 7-week period, whereas the corresponding acrylic PSAs failed in ca. 30 minutes or less. This is a striking difference, and it demonstrates a very useful characteristic of the hybrid PSAs. Moreover, differences in failure mechanisms were observed macroscopically, as standard acrylic PSAs presented a cohesive failure, whereas hybrid systems had Probe-tack experiments were performed on each type of latex PSA at a debonding velocity of V deb = 100 µm s -1 . Figure 9 compares representative results for the latex with and without MMA. As is clearly shown, the maximum stress, the maximum deformation, and the stress of the plateau are almost equivalent in these experiments with an initial debonding rate of 1 s -1 . In the case of the film without MMA (S-MMA0), the plateau finishes more abruptly with a more abrupt detachment. This is the detachment associated with a slightly more elastic character. Nevertheless, the differences between the two adhesives are within the reproducibility range of the probe-tack test, and therefore there is no significant effect of the MMA addition on the tack behaviour of the standard acrylic film. The rheological properties, at small deformations, were determined for the same two latexes to aid in the interpretation of the adhesive properties. Figure 10 shows that the presence of MMA in the copolymer (S-MMA1), increases slightly both the elastic and the loss moduli. and H-MMA1. V deb = 100 µm/s.
As seen on Figures 11 and 12 and in Table 5 , with and without MMA in the copolymer, a very large decrease in the maximum deformation of the adhesive layer before detachment is observed with the addition of PU into the formulation, and there is a corresponding decrease in the adhesion energy. This trend can be attributed to the higher elasticity of the hybrid systems, resulting from their greater gel fraction and crosslinking density. The results of the swelling measurements of the gel fraction, Q, as given in Table 2 , are qualitatively consistent with the measurements of modulus, G, presented in Figure 13 and 14, because in a good solvent G ~ Q -2 . [63] More quantitative comparisons are difficult to make due to the presence of MMA, which also modifies the glass transition temperature of the polymer.
The tack results are readily explained by bulk rheological measurements ( Figures 13 and 14) .
Both types of hybrid present significantly higher storage and loss moduli in the rheological measurements ( Figures 13 and 14) in comparison to the standard acrylic. Deplace et al. 38 
Nano-scale Adhesion Characteristics
The probe-tack data for the standard latex in Figures 11 and 12 show plateau regions that are characteristic of cavitation and fibrillation de-bonding mechanisms. When PU is incorporated into the formulations, the extent of deformation of the adhesive is substantially decreased, and the plateaux are significantly shorter. These results from investigation at the macro-scale can be compared to nano-scale measurements using AFM.
Crosby et al. 65 have previously considered the deformation and failure modes in soft adhesives in confinement. They explained how the initial deformation of an elastic adhesive layer is governed by a geometrical parameter (the confinement ratio), a bulk material parameter (the tensile elastic modulus, E), and an interfacial parameter, G c (the critical energy release rate). The confinement ratio is defined as the radius of contacting probe, a, divided by the adhesive layer thickness, h. The specific values of these parameters determine the operative regime on a deformation map.
In an AFM force spectroscopy experiment, the radius of contact, a, between the probe and the nevertheless PU addition is seen to decrease d max for both of the hybrid materials when comparing to the standard material, just as ε max was likewise seen to decrease.
Furthermore, Table 5 shows that the lowest adhesion energy (W adh ) and the lowest nano-scale adhesion energy (γ) are observed for H-MMA1. There is likewise a qualitative correspondence between W adh and γ in that S-MMA1 > S-MMA0 for both. However, there is a disagreement for the hybrid latex without MMA (H-MMA0), for which the nano-scale γ is relatively large, but the macroscale W adh is relatively low. At the nano-scale, the addition of the PU into the hybrid decreases d max but not as severely as is observed in the macro-scale deformation. Furthermore, the maximum stress attained in the force spectroscopy measurements is not significantly reduced in the hybrid, and a greater force is required for extension. Consequently, the value of γ is not reduced significantly in the H-MMA0 hybrid compared to the standard latex S-MMA0. At the macro-scale for S-MMA0, on the other hand, there is a very short fibrillation plateau and a corresponding low W adh . 
Conclusions
Polyurethane/acrylic hybrid waterborne PSAs were synthesized by a one-step miniemulsion polymerization process, where both polyaddition and free radical polymerization reactions occurred simultaneously. The extent of the incorporation of the polyurethane into the acrylic backbone was followed via the gel content development.
With the addition of MMA to the acrylic, individual particles showed an uneven distribution of PU in the particles, whereas the particles were more homogeneous in the absence of MMA. This heterogeneous distribution of the PU is probably the result of nucleation mechanisms other than droplet nucleation that occurred during the polymerization. The hemispherical particle morphology is attributed to phase separation between acrylic-rich and PU-rich phases.
The shear resistance was substantially raised when PU was incorporated in the acrylic network, indicating an increase in film cohesion. However, the higher gel content and concomitant higher elasticity of the hybrid networks containing PU lead to a significant decrease in tack, which is usually less desirable for applications as PSAs. A decrease in the extensibility of the polymer upon the addition of PU was found both at the macro-scale and at the nano-scale. Further materials development is required to achieve a balance between the elastic and viscous properties in order to achieve a higher shear holding power combined with an acceptable level of tack adhesion.
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